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Abstract

Knowledge of the role in cancer etiology of environmental exposures as pesticides is
a prerequisite for primary prevention. We review 63 epidemiological studies on
exposure to pesticides and cancer risk in humans published from 2017 to 2021, with
emphasis on new findings, methodological approaches, and gaps in the existing litera-
ture. While much of the recent evidence suggests causal relationships between pesti-
cide exposure and cancer, the strongest evidence exists for acute myeloid leukemia
(AML) and colorectal cancer (CRC), diseases in which the observed associations were
consistent across several studies, including high-quality prospective studies and those
using biomarkers for exposure assessment, with some observing dose-response rela-
tionships. Though high-quality studies have been published since the IARC mono-
graph on organophosphate insecticides in 2017, there are still gaps in the literature
on carcinogenic evidence in humans for a large number of pesticides. To further
knowledge, we suggest leveraging new techniques and methods to increase sensitiv-
ity and precision of exposure assessment, incorporate multi-omics data, and investi-
gate more thoroughly exposure to chemical mixtures. There is also a strong need for
better and larger population-based cohort studies that include younger and nonoccu-
pationally exposed individuals, particularly during developmental periods of suscepti-
bility. Though the existing evidence has limitations, as always in science, there is
sufficient evidence to implement policies and regulatory action that limit pesticide

exposure in humans and, hence, further prevent a significant burden of cancers.
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What's new?

of cancers.

1 | INTRODUCTION

Knowledge of environmental contributions to cancer development is
a crucial prerequisite for primary prevention, the only form of preven-
tion that decreases cancer incidence. While inherited genetic suscep-
tibility plays a role in subsets of human cancers, from human and
practical perspectives it is vital to acknowledge that carcinogenic
exposures can be modified by policies and behaviors, whether collec-
tive or individual (eg, government regulation, occupational safety mea-
sures, changes in policies and attitudes toward smoking).*® Exposure
to chemicals such as pesticides and secondhand smoke has proven
malleable to modification. This has been demonstrated as urinary con-
centrations of pesticides and tobacco products decrease rapidly after
changing to an organic diet or quitting smoking, respectively.”*° Many
policies on environmental and occupational conditions have achieved
positive effects.’'*?

An extensive literature from research conducted in vitro and in
animals demonstrates the biological plausibility of pesticides as carcin-
ogens. It has also shown their action through multiple mechanisms of
carcinogenesis. Research has documented the ability of numerous
pesticides to induce genotoxicity, hormone disruption, oxidative
modulation and procarcinogen

inflammation, immune

11-14

stress,
activation.

Certainly, evidence of the carcinogenic effects of pesticides is
sparser in humans than in animals. However, in humans, it has mod-
estly but steadily grown and continues evolving, partly because of the
progressive introduction of molecular epidemiology approaches and
techniques some 40 years ago. Today such techniques are widely
used, including sensitive biomarkers to more effectively assess expo-
sures and intermediate events.>*>1 Early studies focused on occupa-
tionally exposed populations. Later, as the diversity of chemicals used
to combat pests rapidly rose, studies of nonoccupational populations
have proven increasingly relevant; notably, as effects on the endo-
crine system of low concentrations have emerged. Research efforts
have also focused on vulnerable populations, long-term effects and
critical windows of susceptibility like prenatal and childhood
exposure.”%?

Within their long-established program of Monographs to identify
environmental factors that are carcinogenic hazards to humans,?° in
2017 the International Agency for Research on Cancer (IARC) pub-
lished a report that comprehensively evaluated data on five major

Most of the evidence suggesting pesticide carcinogenicity in the 2017 International Agency for
Research on Cancer report came from animal and mechanistic studies, as the epidemiologic evi-
dence was insufficient to draw conclusions. Here, the authors provide a unique review of 63 epi-
demiological studies on exposure to pesticides and cancer risk in humans published from 2017
to 2021, with an emphasis on new findings, methodological approaches, and gaps in the existing
literature. The review shows there is sufficient evidence for implementing policies and regula-

tory action to limit pesticide exposure in humans, and hence further prevent a significant burden

organophosphate pesticides, some insecticides and one herbicide,
with known human exposure: tetrachlorvinphos, parathion, malathion,
diazinon and glyphosate. IARC concluded that they were all either
“probably carcinogenic to humans” (group 2A) or “possibly carcino-
genic to humans” (2B), and suggested genotoxicity and oxidative
stress as the most likely modes of action.?* However, debate still sur-
rounds the pesticides covered by IARC, and resistance to regulation

of pesticides remains influential.??

Most evidence suggesting pesticide
carcinogenicity—in the IARC report and elsewhere—has come from
animal and mechanistic studies, as the epidemiology literature was
insufficient to draw conclusions. Epidemiologic evidence has since
increased in both quantity and quality, and now covers many other
pesticides that were not included in IARC's review, or in those of
other national and international agencies.?®

The present review focuses on all types of epidemiological studies
on exposure to pesticides and cancer risk in humans published
between 2017 and 2021. We contextualize this new evidence with
the most relevant published reviews, address methodological
approaches and gaps in the existing literature and suggest new direc-

tions to improve evidence potentially useful to act.

2 | METHODS

While this review is strictly not systematic, we did implement
methods frequently utilized in systematic reviews. Titles and abstracts
were screened for all papers produced by the literature search. Stud-
ies excluded from the primary analyses during title and abstract

2426 aditorials,?” animal or in vitro studies,?®

screening were reviews,
mechanistic studies (even if they used endpoints potentially related to
clinical cancer, as epigenetic markers, telomere length, endocrine
response), 2?32 papers on study protocols,3® biostatistics methods

3435 epidemiological profiles and cohort descriptions,®¢%7 risk/

papers,
exposure assessments>® and other studies where human cancer was
not a primary outcome.®’

The following search terms were used in PubMed to identify rele-
vant journal articles assessing the relationship between human expo-
sure to pesticides and cancer, which were published in 2017 or later:
(“pesticide*”[Title/Abstract] OR “organphosphate*”’[Title/Abstract]
OR “glyphosate”[Title/Abstract] OR “chlorpyrifos”[Title/Abstract]

OR “atrazine”[Title/Abstract] OR “acephate”[Title/Abstract] OR
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“Mancozeb”[Title/Abstract]) AND (“cancer”[Title/Abstract] OR “neo-
plasm”[Title/Abstract] OR “tumor”[Title/Abstract]) AND (“cohort stu-
dies’[MeSH Terms] OR (“cohort”[All Fields] AND “studies”[All Fields])
OR “cohort studies”[All Fields] OR “cohort”[All Fields] OR “cohort
s”[All Fields] OR “cohorte”[All Fields] OR “cohorts”’[All Fields] OR
“case-control”[All Fields] OR “cross-sectional”[All Fields]).

Among the papers deemed potentially relevant during title and
abstract screening, full text versions were reviewed. During full-text
screening, we extracted information on study design, selection
methods and characteristics of the study population, methods for
exposure and outcome assessment, statistical analyses, notable
strengths and limitations and overall findings. Extracted information
was organized into tables for comparison and analysis.

We included cohort, case-control, case-cohort and survival stud-
ies* assessing the relationship between pesticide exposure and can-
cer incidence, prevalence, survival and markers of severity in humans.
Initially, we detected many reviews on various facets of the pesticides
and cancer topic that were potentially relevant.?*4>° Of them,

Some41»50,60,61

are particularly relevant to complement our analysis
and address issues that it is unnecessary to repeat in the present
paper.

Additional articles were excluded during full-text screening based
on quality, using criteria from IARC and from “Strengthening the
Reporting of OBservational studies in Epidemiology—Molecular Epi-
demiology” (STROBE-ME). Criteria comprised the use of clearly
defined methods to assess exposure and disease, consideration of
potential confounders, susceptibility to recall and/or selection bias,
adequate power and descriptions of statistical models used to gener-
ate estimates of association, with further considerations for studies
using biological samples.'>2 For example, given the high susceptibil-
ity of recall bias in case control-studies of pesticides and cancer
(as recently illustrated again by Crump et al.?%), studies were excluded
if exposure was self-reported and assessment occurred many years
after the time period of interest, and were not supplemented or vali-
dated with other data such as crop/job-exposure matrices or pesticide
purchasing records. The exception to this was studies of childhood
cancer, where the time between recall and exposure is shorter. Addi-
tionally, childhood cancer studies are highly underrepresented, and
the case-control studies included provide some of the only evidence
available on this vulnerable population.

Frequencies and percentages were reported for study character-
istics such as study design, biomarker use for exposure assessment,
type of exposure (agricultural or household/urban) and study popula-
tion. Notable empirical findings from high quality studies were sum-
marized, and full tables of study summary information on all included
studies can be found in the tables. Gaps in existing research were

noted, with emphasis on underrepresented populations.

3 | RESULTS

In the initial PubMed searches 165 articles published between 2017
and 2021 were found. After exclusion at various phases as explained
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above, 63 articles were included in the final literature sam-

ple (Figure 1).

3.1 | Design and other characteristics of studies
Included research largely fell into one of four categories: (a) large pro-
spective cohort studies, (b) cohort-nested case-control studies and
case-cohort studies, (c) population-based case-control studies and
(d) hospital-based case-control studies (Table 1).

There were nine large prospective studies.®>80-85125126 Three
were occupational cohort studies: the Agricultural Health Study (AHS)
in the United States,*?> the AGRICAN cohort study in France,*?¢ and
the AGRICOH Consortium; the latter is a pooled study combining data
from ARGRICAN, AHS and other occupational cohorts, including Can-
cer in the Norwegian Agricultural Population (CNAP), Australian Pesti-
cide Exposed Workers, Victorian Grain Farmers, Korean Multi-Center
Cancer cohort (KMCC), United States Marshfield Epidemiologic Study
Area Farm cohort (MESA) and Danish Sund Stald Stud (SUS).6%%° In
these cohorts, exposure was assessed at baseline via self-report or
through census data; none included biomarkers. The AHS cohort is
based in North Carolina and lowa, and it includes some 57 000
licensed private and commercial pesticide applicators enrolled from
1993 to 1997. Researchers analyzed relationships between binary
exposure variables (occupationally exposed vs not exposed), and
cumulative and intensity-weighted lifetime days of exposure, a metric
that adjusts for factors that influence exposure intensity, for many dif-
ferent pesticides and cancer types.*?> The AGRICAN cohort is a pro-
spective cohort study in France that enrolled 180 060 current and
retired farmers from 2005 to 2007. Pesticide exposure was assessed
at enrollment with a questionnaire, and incident cancer was assessed
via linkage to population-based registries.*2¢

Three studies were general population cohorts, with occupation
being used to assess exposure through a job exposure matrix (JEM); a
JEM is a tool that classifies individuals into likely exposure categories
based on time spent in various occupational roles.*?” The studies
included the International Childhood Cancer Cohort Consortium®®
(pooled birth cohorts), a Swiss census-based cohort study,84 and the
Canadian Census Health and Environment Cohort.?” In these studies,
subjects occupationally exposed to pesticides were compared to
those nonoccupationally exposed.8384

Two of the prospective cohort studies measured dietary exposure
to pesticides using food frequency questionnaires for fruit and vege-
table intake, and information on organic status, and probable pesticide
residue levels from government agricultural databases on farming
practices.2%®! Only one prospective cohort study used biomarkers for
exposure assessment.&?

In contrast to the cohort studies, nested case-control and case-
cohort studies typically included prospectively measured biomarkers
for exposure assessment (eg, biomarkers measured in biological sam-
ples collected at study entry, years before cancers occurred). Some
such studies used questionnaires as well; questionnaires and bio-

markers often complement each other. These studies are a part of
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FIGURE 1 Flowchart of inclusion and
exclusion of literature

Articles identified through a PubMed Search on Feb 23 2022
(published 2017-2021)
n=165

Articles with titles / abstracts Articles excluded for lacking analysis

screened R of primary data on pesticide exposure

n=165 and cancer in humans

n=91
Articles with full text screened Articles excluded for reasons
n=91 —> of quality and relevance
n=28

l

Total primary articles included
in the review
n=063

TABLE 1 Summary of the main characteristics of the studies
reviewed
Characteristics N (%)
Study design
Prospective cohort 23 36.5
Cohort-nested case-control and case-cohort 10 15.9
Population-based case-control 18 28.6
Hospital-based case-control 8 12.7
Survival 4 6.3

Used biomarkers
Yes 22 34.9
No 41 65.1
Assessed occupational exposures
Yes 29 46
No 34 54
Timing of the exposures
Adult 53 84.1
Prenatal and childhood 10 15.9

Type of exposure®

Agricultural 31 49.2
Residential 6 9.5
Other/not specified 27 42.9

*Total does not add up to 100% because one study was both agricultural
and residential.

larger cohort studies and, per design, were highly efficient (eg, precise)
with small to medium sample sizes (median sample size ~300 partici-
pants). Examples include case-control studies nested within the Janus
Serum Bank Cohort, %8
lished in 1973, and the Danish National Birth Cohort, a population-

based birth cohort out of Denmark established in 19962 (Table 3).

a Norwegian population-based biobank estab-

Population-based case-control studies’***? had medium to large
sample sizes (median sample size ~1800 individuals). They used popu-
lation-based data sets from census, and cancer and birth registries. In
these studies, exposure was typically assessed via existing data sets,
using occupation and job-exposure matrices, or via geographical anal-
ysis of proximity to agricultural sites as a proxy for exposure; at other
times exposure was self-reported using self-administered or
interviewer-administered questionnaires (Table 4).

All hospital-based case-control studies used biomarkers for expo-

sure  assessment. Pesticides were

113,114,116-119

quantified in  blood
samples, or in adipose tissue samples (in breast can-
cer)' if surgery was performed. Less than 8% of the studies assessed
whether varying levels of pesticide exposure influenced differences in
survival among patients with cancer (Tables 5 and 6).12%124

About 10% of the studies assessed prenatal and childhood expo-
sures and the development of cancer in children, while the adult stud-
ies typically studied populations in their 50s and 60s. Thirty percent
of the studies included only women, 5% of the studies included only
men, and 65% of the studies lumped together both genders; several
of the latter were occupational studies, which had a large proportion
of males.'?® Forty-six percent of the studies assessed occupational
exposures. A slightly larger proportion of reports looked at agricultural
exposures (including residences near farms). Only six (9.5%) of the
assessed  residential

reviewed studies specifically

78,100,105,107,109,121 About 16%

pesticide

use. of the studies used prospectively

measured biomarkers!?:8286-8890-93.124 (T5p|e 1),

3.2 | Main empirical findings

The main empirical findings from the included studies are summarized

below and in Tables 2-6 grouped by study design. Two studies from
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(Continued)

TABLE 4

Exposure

Sample
size

First

assessment timing/

method

Findings

Covariates

Outcome
AML and

Pesticides

author, year

Exposure type

Study location

Pesticides and agricultural chemicals were not

Age, exposure to

Unspecified

2073

Poynter,

Occupational

Adult, survey

Minnesota
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significantly associated with AML or MDS.

chemotherapy, lived
on farm or in rural

myelodysplastic
syndromes

20172

area for =1 year, sex

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio.

?Organophosphate, chlorpyrifos, diazinon, dimethoate, famphur, fonofos, malathion, phorate, terbufos, organochlorine, aldrin, chlordane, dieldrin, DDT2, lindane, methoxychlor, carbamate, carbaryl, carbofuran.

>Pendimethalin, trifluralin, oryzalin, ethalfluralin, benefin, propyzamide, isoxaben anilide, boscalid, propanil, propiconazole, tebuconazole, fenbuconazole, triadimefon, S-metolachlor, metolachlor, iprodione, ziram,
maneb, mancozeb, metam-sodium, methyl-bromide, 1,3-dichloropropene, carbaryl, thiodicarb, dicofol, chlorpyrifos, dimethoate, malathion diazinond, phosmet, acephate, methidathion, S,S,S-tributyl phosphoro
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trithioate, permethrin, bifenthrin, S-cyper methrin, chlorothalonil dicloran, simazined, pymetrozine, diuron linuron, glyphosate, oxyfluorfen, paraquat dichloride, propargite norflurazon thiophanate methyl captan,

clofentezine, buprofezin, kresoxim, methyl hexythiazox, pyrithiobac, sodium metaldehyde, pyraflufen ethyl chlorthal, dimethyl.
“Endosulfan, captan, dicofol, malathion, mancozeb, maneb, methyl bromide, methyl parathion, 1,3-dichloropropene, propargite, parathion, simazine, triflurin, 2,4-D, toxaphene, chlordane, aldrin, dieldrin, lindane.

the AGRICOH consortium were published during the time period of
interest. Togawa and colleagues examined the incidence of primary
cancer diagnosis and specific subtypes in the occupational cohorts
compared to the general population; in women, they found increased
risks for melanoma of the skin (meta-SIR = 1.18, Cl: 1.01-1.38) and
multiple myeloma (meta-SIR = 1.27, Cl: 1.04-1.54), and in men, for
prostate cancer (meta-SIR = 1.06, Cl: 1.01-1.12). They also observed
a deficit for the incidence of cancers of the bladder, breast, colorec-
tum, esophagus, larynx, lung, pancreas, and all cancers combined
(meta-SIR for all cancers combined = 0.83, 95% Cl: 0.77-0.90).%* The
other AGRICOH study specifically investigated non-Hodgkin's lym-
phoma (NHL), and observed an increased risk for NHL among ever
users of terbufos (meta-HR = 1.18, Cl: 1.00-1.39); for chronic lym-
phocytic leukemia/small lymphocytic lymphoma among ever users
of deltamethrin (meta-HR = 1.48, Cl: 1.06-2.07); and for diffuse large
B-cell lymphoma in ever users of glyphosate (meta-HR =1.36,
Cl: 1.00-1.85; Table 2).°®

In an analysis from the AHS focused on thyroid cancer, an
increased risk of this cancer was found with exposure to metalaxyl
(hazard ratio (HR) = 2.03, confidence interval (Cl): 1.16-3.52), and lin-
dane (HR = 1.74, Cl: 1.06-2.84). High usage of the insecticide carbaryl
was inversely associated with thyroid cancer (HR = 0.20, Cl:
0.08-00.53).”2 Another AHS analysis that examined renal cell carci-
noma (RCC) found, in an unlagged analysis, an increased risk of RCC
among ever users of 2,4,5-T compared to never users (RR = 2.92, CI:
1.65-5.17).”% In a 20-year lagged analysis, exposure-response relation-
ships were observed between RCC risk and chlorpyrifos (RR = 1.68,
Cl: 1.05-2.70), chlordane (RR = 2.06, Cl: 1.10-3.87), atrazine
(RR = 1.43, ClI: 1.00-2.03), cyanazine (RR = 1.61, Cl: 1.03-2.50), and
paraquat (RR = 1.95, Cl: 1.03-3.70).”% No associations were observed
with glyphosate exposure and solid tumors or lymphoid malignancies
overall, nor with non-Hodgkin's lymphoma. An increased risk of acute
myeloid leukemia (AML) was observed among the group with highest
exposure to glyphosate (RR = 2.44, Cl: 0.94-6.32).°* Other analyses
from the AHS suggest that the risk of aggressive prostate cancer is
increased by dimethoate use (HR = 1.37, Cl: 1.04-1.8) and decreased
with triclopyr use (HR = 0.68, Cl: 0.48-0.95; Table 2).”®

The GraMo cohort from Southern Spain was the only prospective
cohort study included in this review that used biomarkers for expo-
sure assessment. It found an increased risk of nonhormone-
dependent cancer for individuals with increased exposure to
B-hexachlorocyclohexane (3-HCH) (HR = 1.70; Cl: 1.09-2.64) and hex-
achlorobenzene (HCB; HR 1.54, Cl: 1.02-2.33).82

The prospective cohort studies that looked at potential dietary
exposures to pesticides in relation to cancer report conflicting find-
ings. Sandovali-Insuati and colleagues found no association between
high-pesticide food intake and risk of cancer overall or for specific
subtypes.8® However, Reboulliat et al., in a study looking at pesticide
mixtures using Principal Component Analysis (PCA) reported
increased risk of breast cancer for overweight and obese women with
a higher component 1 score, reflecting high exposures to chlorpyrifos,
imazalil, malathion, and thiabendazole (HRqs = 4.13, CI: 1.50-11.44).
They also reported an inverse association between breast cancer risk
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TABLE 5

Sample
size

First

Exposure assessment
timing/method

Findings

Covariates

Outcome

Pesticides

author, year

Exposure type

Study location

Breast cancer Age, breastfeeding, The serum levels were

Wielsoe, 164 p,p'-DDT, p,p’-DDE, mirex

Biomarker (all

Adult, gas

Greenland

significantly higher in cases

BMI, cotinine,

B-HCH, HCB, cis- and

exposure 20177

chromatography
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majority of the compounds, and

after adjusting for age the
the sum of all organochlorine

compared to controls for the

difference was maintained for

pesticides, and p,p’-DDE
Increased risk of breast cancer
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among those with high

PCB52,

exposure
routes)

chromatography

concentrations of p,p’-DDE

(OR

pentachlorothioanisole
(PCTA) and p,p’-DDE

with adipose tissue

CAVALIER ET AL

0.129, Cl: 0.0310-0.542)

0.656, Cl:

and PCB52 (OR

0.441-0.976). The other five

potential risk factors were not
significantly related to breast

cancer.

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio.

and component 3 score, reflecting low exposure to synthetic pesti-
cides, and [HRqs = 0.57, Cl: (0.34-0.93); Table 2].2*

As mentioned, two large, prospective studies looked at the rela-
tionship between parental exposure to pesticides, assessed through
job-exposure matrices and childhood cancer. In the census-based
cohort study in Switzerland, maternal and paternal pesticide exposure
increased noncentral nervous system (CNS) solid tumors (high vs
none, father: adjusted HR = 1.84, Cl: 1.31-2.58; mother: HR = 1.79,
Cl: 1.13-2.84).8% No associations were found between parental expo-
sure and leukemia, lymphoma or CNS tumors (Table 2).8

The similarly designed analysis of pooled data on more than
329 000 participants from the International Childhood Cancer Cohort
Consortium indicated that paternal exposure to pesticides increased
the risk of childhood AML (herbicides, HR = 3.22, Cl: 0.97-10.68;
insecticides, HR = 2.86, Cl: 0.99-8.23), but not of acute lymphoblastic
leukemia (ALL) or CNS tumors (Table 2).83

Several nested case-control studies analyzed data from the afore-
mentioned Janus cohort, a population-based biobank with sera sam-
ples prospectively collected from 1972 to 2004 from more than
300 000 Norwegian men and women.”® In a study assessing the rela-
tionship between organochlorine pesticides and thyroid cancer, an
inverse relationship between DDT metabolites and thyroid cancer risk
was observed (OR = 0.80, Cl: 0.66-0.98).”% Additionally, significant
positive exposure-response relationships were seen between chlor-
dane metabolites and thyroid cancer among participants born from
1943to 1957. These findings are compatible with birth cohort effects
and with effects specific to certain historic periods.”? Investigating
AML, researchers observed significant exposure-response relation-
ships for heptachlor epoxide (third vs first tertile OR = 2.85, ClI:
1.05-7.73) and dieldrin (third vs first tertile OR = 2.71, Cl: 1.07-6.83)
with AML risk.” No statistically significant exposure-response associ-
ations with AML risk were observed for other pesticides, although
the magnitude of the estimates was substantial for chlordane/
heptachlor metabolites (third vs first tertile OR = 2.26, Cl: 0.91-5.63)
and p,p'-DDT (OR = 2.09, CI: 0.83-5.26; Table 3).7*

Another study included analyses from two case-control studies
nested in different cohorts. Relationships between serum concentra-
tions of organochlorine pesticides and primary liver cancer were
assessed separately among the Janus cohort and a Northern Califor-
nian Kaiser Permanente cohort in one report.”® Among Janus partici-
pants, an exposure-response relationship was observed for p,p’-DDT
(second and third tertile ORs = 1.70, CI: 0.66-4.38, and 2.14, Cl:
0.79-5.75, respectively). Among the Californian participants, there
was an exposure-response relationship for trans-nonachlor (second
and third tertile ORs = 1.63, Cl: 0.87-3.06 and OR = 1.95, ClI:
0.98-3.86), as well as an elevated risk for the highest tertile of oxy-
chlordane (OR = 1.87). None of these relationships were statistically
significant (Table 3).7°

A case-control study nested within the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort assessed the
relationship between pesticide exposure and pancreatic cancer risk.
Increased risk was observed at higher concentrations of p,p’-DDT,
trans-nonachlor (OR upper quartile = 1.55, Cl: 1.06-2.26), p-HCB and
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the sum of six organochlorine pesticides (OR upper quartile = 1.48,
Cl: 1.00-2.20; Table 3).2¢

In a case-cohort study nested within the Korean National Cancer
Center Community (KNCCC) cohort, a significantly increased risk of
colorectal cancer (CRC) was associated with serum concentrations of
cis-heptachlor epoxide (third tertile HR = 2.76, Cl: 1.25-6.07); and sig-
nificant exposure-response relationships were observed for trans-
nonachlor (second tertile HR = 3.90, Cl: 1.56-9.75, third tertile
HR= 4.86, Cl: 1.95-12.16) and p,p’-DDD (second tertile HR = 6.02,
Cl: 2.05-17.70, third tertile HR = 7.43, Cl: 2.42-22.84).5” A different
case-cohort study out of Korea looking at prostate cancer found evi-
dence of association between any measured pesticides and prostate
cancer.”® A pilot case-control study including Hawaiian participants
that provided urine samples from the Multiethnic Cohort study
showed a nearly 4.5-fold increased risk of developing breast cancer in
the highest vs lowest quintile of AMPA (a glyphosate metabolite)
excretion: Q5 vs Q1 OR = 4.49, Cl: 1.46-13.77 (Table 3).88

Four population-based case-control studies investigated the rela-
tionship between self-reported use of pesticides at home among
mothers, and childhood cancer. The Costa Rican Childhood Leukemia
study observed significant associations between maternal insecticide
use inside the home in the year before pregnancy, during pregnancy,
and while breastfeeding; use during such three periods was associated
with increased risk of ALL among boys: adjusted OR = 1.63 (Cl: 1.05,
2.53), 1.75 (1.13, 2.73) and 1.75 (1.12, 2.73), respectively.’®> They
also observed dose-response relationships between the frequency of
pesticide use in the home in the year before pregnancy, during preg-
nancy, and while breastfeeding and ALL among boys and girls: OR
comparing high to low = 1.56 (Cl 1.07-2.27), 1.58 (1.08-2.31) and
1.56 (1.07-2.29), respectively (Table 4).°° In the ESTELLE study, a
French nationwide population-based case-control study, maternal use
of pesticides during pregnancy was associated with the risk of Wilms'
tumor in children (OR = 1.6, Cl: 1.1-2.3).2°° Among insecticides, spe-
1.7, Cl: 1.1-2.6; when
insecticides were used more than once a month, the OR was 1.9 (Cl:
1.2-3.0).2%° The two other studies report pooled data from the
ESTELLE study and the ESCALE study, another French nationwide

population-based case-control study. One showed an association

cifically, the association was similar: OR =

between maternal residential use of pesticides during pregnancy and
childhood brain tumors (OR = 1.4, Cl: 1.2-1.8). The other reported
more specifically on neuroblastoma (NB), and found an increased risk
of NB among children prenatally exposed to any type of pesticide
(OR = 1.5, Cl: 1.2-1.9; Table 4).2°7:1%?

All eight hospital-based case-control studies used biomarkers
(Table 5). Sample sizes were small, especially in two instances.**¢11”
All such studies reported more than one positive association. Notably,
both Lee et al**® and Abolhassani et al*’” found relationships
between several serum concentrations of pesticides and colorectal
cancer. Also Huang,*®> Wielsoe,**” Mekonen!*® and He,?° all report
statistically significant associations between dichlorodiphenyldichlor-
oethylene (DDE) concentrations and breast cancer.

Three survival studies assessed the survival of patients after a

diagnosis of breast cancer, while one assessed survival after a

diagnosis of NHL (Table 6). The only of the breast cancer studies to
use a biomarker for exposure assessment, and to control for con-
founding variables'?? found an increased risk of all-cause mortality
among the highest vs lowest DDE tertile and the highest tertile vs
nondetectable DDT (HR =
reported an increased risk of 20-year conditional breast cancer-

1.95 and 1.64, respectively). It also

specific mortality among women overall (HR = 1.69), higher for black
women (2.36), than for white women (1.57; Table 6). Concentrations
in adipose tissue of polychlorinated biphenyls (PCBs) and organochlo-

rine pesticides were not associated with NHL survival.?*

4 | DISCUSSION

In the years between 2017 and 2021, we found 63 empirical studies
of sufficient quality and relevance, which seems a low number com-
pared to other areas of research in cancer and epidemiology (and even
lower if compared to studies from clinical specialties as oncology).
These studies, in addition to others identified by this review, suffer
from some limitations with exposure assessment imprecision, as they
rely on crude extrapolations from geographical data or self-report of
exposures that may have occurred in the distant past. Clearly, there
remain serious gaps in our understanding of exposure-response rela-
tionships, structures of confounding, pathways of exposure, and
mechanisms of action.

Three of four survival studies assessed patients after a diagnosis
of breast cancer; with one studying survival after an NHL diagnoses,
hence, there is a clear need for studies to assess the influence of pes-
ticides on clinical progression of cancer, including treatment
response.**°

We next assess the studies main findings adapting some of Austin
B. Hill's criteria for causal inference; we applied criteria that are rele-

vant to the aims of this review!31:132

among the criteria he proposed
more than 50 years ago during debates about environmental carcino-
gens.'®3 While not all relevant causal criteria can be fully addressed
by the research included in this review, we use Hill's framework to

contextualize findings and identify gaps hindering causal inference.

41 | Temporality
Thirty-three of the 63 studies identified for this review assessed

exposure to pesticides prospectively, prior to cancer
development.1?¢1449% These studies provide the strongest evidence
due not only to their prospective and precise exposure assessment,
but also due to large sample sizes. Additionally, conversely to case-
control and cross-sectional studies, these studies are less susceptible
to recall bias, a differential misclassification that tends to bias these
studies away from the null.®® Among these 33 studies, including stud-
ies reporting consistent associations of increased risk of AML6%87:91
and CRC, the causal condition of temporality is fulfilled. Most of these
studies report positive associations between pesticide use and cancer.

The largest of these studies are from the AGRICOH consortium;
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pooled analyses of several prospective cohorts. The studies describe
increased risk of NHL associated with terbufos, an organophosphate
pesticide with similar chemical properties to glyphosate, and increased
incidence of MM and CNST compared to the general population.®*%°
Additionally, studies that used biomarkers prospectively were also
likely to report positive associations. The EPIC cohort, with robust
covariate adjustment and sensitivity analyses, reported increased risk
of pancreatic cancer with exposure to summed organochlorine pesti-

cides, B-HCH, DDT, and trans-nonachlor.8¢

4.2 | Consistency
The existing literature is not well suited to address this consistency crite-
rium, as the studies are highly variable in exposure assessment, dose, tim-
ing, latency periods and so forth. Thus, here we describe patterns
observed that provide some evidence of consistency and discuss poten-
tial reasons for heterogenous findings. Though all studies tested multiple
hypotheses and thus some are likely due to chance, all but 6 of 63 studies
reported at least one statistically significant positive association between
some measure of exposure to pesticides and cancer. Several studies
report positive relationships that are robust, with consistent results in
sensitivity analyses.761:66:67.72-7483848689-92 £ rther, these studies often
assess exposure to several, highly correlated, pesticides. Some analyses
were conducted for individual chemicals, sometimes with adjustment for
others.2412> Sometimes this may be a form of overadjustment, with little
significance both from mechanistic and practical standpoints. Adjusting
for exposure to correlated pesticides may also introduce multicollinearity,
and result in potentially biased and unstable estimates of association.?**
While study conclusions varied, four out of six studies assessing
AML reported evidence of increased risk for subjects with higher
exposure to specific pesticides; particularly glyphosate, hepatachlor-
epoxide, dieldrin and chlorpyrifos and carbamates.6768391:101.112 |
Andreotti et al, this risk is insignificant for unlagged models, but signif-
icant when considering a 20-year lagged analysis.’’ The studies
reporting positive associations include large, prospective studies that
measured several individual pesticides; one included prospectively
collected biomarkers for exposure ascertainment. In the two excep-
tions, pesticides overall (rather than specific pesticides) were analyzed;
this approach is documented to have weaker associations with
AML.*'2 Additionally, Coste et al discuss limitations in their analysis,
as only three AML cases were in the high exposure category.®*
Results were also consistent across studies looking at CRC: all three
studies observed an increased risk of CRC with higher exposure to

87,117,118 |t is also worthwhile to note that (a) these studies

pesticides.
provide evidence of causal relationships between pesticides and dif-
ferent types of cancer, (b) these studies look at pesticides with differ-
ent mechanisms of action, and (c) to fully conclude that the
consistency criteria was fulfilled, more research would be needed on
specific individual pesticide-cancer relationships.

Although the body of evidence has increased recently, there are
still issues of reproducibility and conflicting findings. One well-known

reason for these inconsistencies is the existence of a long latency
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period for cancer development. IARC states that “experience with
human cancer indicates that the period from first exposure to the
development of clinical cancer is sometimes longer than 20 years;
latent periods substantially shorter than 30 years cannot provide
evidence for lack of carcinogenicity”.!* Even cohort studies with the
longest follow-up periods, like the AHS, have a roughly 20-year
follow-up period; they may thus fail to capture longer-term effects.
They may also fail to assess the effects of exposure during critical
windows.12°

Another possible explanation of the apparently conflicting evi-
dence is heterogeneity in unmeasured co-exposures and in exposure
(mis)classification.*®> While some studies measured specific pesti-
cides, many measured exposures generally or used various classifica-
tion schemes to operationalize exposure variables for statistical
models. Examples of exposure variables include ever/never use of
specific pesticides, cumulative intensity-weighted lifetime days, occu-
pationally exposed vs not, proximity to facilities using pesticides, and
serum/tissue levels. While all such practices are acceptable, they com-
plicate comparisons of findings across studies; and such difficulties
should not be equated with lack of consistency.'*> However, to fully

address this criterium, more research replication efforts are needed.

43 | Strength

As cancer is multifactorial, it is not expected for the association
between cancer and any individual environmental exposure to be
large in magnitude. However, we can assess the strength of an associ-
ation in response to increasing dosage to assist in inferring causality.
Several of the studies identified exposure-response relationships
between pesticide exposure and cancer risk in humans of a substantial
strength or magnitude.”®8%879092 These relationships show that

increased exposure granularly increases risk, strengthening the claim

that the relationship is in fact causal.

44 | Plausibility

Several mechanisms have been proposed to explain the observed rela-
tionships between cancer and pesticides. Among these are genotoxi-
city, hormone disruption (particularly acetylcholine esterase
inhibition),*3¢ oxidative stress, inflammation, immune modulation and
procarcinogen activation.2??* Oxidative stress, a main proposed
mechanism, has been connected to cytochrome P-450 induction,
resulting in the formation of reactive oxygen species with the ability

to cause DNA damage, genome instability and cell proliferation.*3”

45 | Coherence

The relationship between exposure to many pesticides and the occur-

rence of cancer in animal and in vitro studies is well established; it is often

summarized in the IARC monographs, for instance.!1#0136138-140 | the



CAVALIER ET AL

906 | INTERNATIONAL Suce
JOURNAL of CANCER 2

primary human studies we reviewed here, there is modest coherence,
partly due to the difficulties with exposure imprecision. A major conclu-
sion of this article is that newer, biomonitoring-based designs can resolve

some of the issues with coherence in the literature.

4.6 | Specificity

Studies have identified some stronger effects in aging populations,
but this is not what is generally considered a specific population.
Indeed, in cancer research, specificity is an uncommon causal prop-
erty: few exposures have unique effects and few cancers are due to
exclusive exposures. Accordingly, few studies on pesticides and can-
cer have assessed specificity directly, such as by identifying control
conditions not associated with pesticide exposure. Nevertheless,
future studies could sometimes consider specificity; for example, ask
whether their findings suggest a specific population with the effects
or a specific site of the disease with no other likely explanation. Stud-
ies could also assess “falsifier exposures” (exposures tested to confirm
specificity of effect of pesticides vs an exposure without biological
plausible carcinogenicity), and use “negative controls™%; for example,
examine associations of pesticides with conditions known to be unre-
lated to the pesticides. There may also be specific routes of pesticide
exposure (eg, dermal, inhalational) that may be most problematic.

4.7 | Analogy

The existence of causal relationships between similar chemicals and
cancer increases the likelihood that observed associations are causal.
There are several instances of similar environmental chemicals being
carcinogenic. For example, formaldehyde, a substance commonly used
as a germicide, is known to cause myeloid leukemia, and rare cancers
including cancers of the nasal cavity, and nasopharynx.*** Also, and
most notably, ethylene oxide, a chemical used as a pesticide, is recog-

nized as a cause of lymphoma and leukemia.**?

4.8 | Further suggestions for future work
To improve the validity and relevance of the available knowledge
regarding exposure to pesticides and cancer risk in humans, studies
must increase in number, diversify and improve in several respects.
We need more large population cohort studies that allow for longer
latency periods. These cohorts also enable to conduct efficient nested
case-control studies using biological samples (collected at baseline) for
exposure assessment. More hypotheses need to be tested in younger
and nonoccupational cohorts, with emphasis on nonoccupational
sources of exposure (as diet) and on developmental periods of
susceptibility.

The strengths of the main study designs (large prospective cohort
studies, cohort-nested case-control studies with long follow-up)

hence deserve greater allocation of funds and wider recognition in

regulatory institutions, companies, clinical organizations and the
media.

Tools from molecular epidemiology (including environmental, epi-
genetic, metabolomic, exposomic and proteomic measurements used
in population-based studies) can be leveraged in cancer cohorts,*® as
shown, for instance, in recent papers from the European Prospective

86143 or in the

Investigation into Cancer and Nutrition (EPIC) study,
Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial
(PLCO).2** Also recent is the integration of multi-omics analysis in
cohorts as the Norwegian Women and Cancer (NOWAC),145 and the
EPICURE study.'*® Additionally, advances in biomonitoring will also
contribute to progress.2*” Such technologies include wearable personal
sensors, location trackers and nontargeted methods.2#®14? As cohorts
incorporating such technologies mature, evidence will increase in qual-
ity and strength as exposure assessment will be a more accurate reflec-
tion of real-world exposure. Additionally, multi-omics data will provide
rich biological context for mechanisms of environmental carcinogens.
Successful adaptation of these techniques and tools remains both a
challenge and an avenue for future research.1>015%:152

Furthermore, humans are rarely subjected to individual environ-
mental exposures, but rather to complex chemical mixtures, and novel
methods have been developed to allow for analysis of these mix-
tures.*>3 Low doses of even noncarcinogenic chemicals can act syner-
gistically to contribute to carcinogenesis, and mixtures analysis has
long been a concern for researchers.'>#15 |n this review there were
only three studies that examined interactions of pesticides and other
factors in cancer, and no studies that employed statistical methods
designed to assess effects of environmental chemical mixtures. More
research on chemical-chemical, chemical-(epi)genetic and other inter-
actions and mixtures'>® must be pursued.

Existing evidence is largely from older, occupationally or agricul-
turally exposed populations; sometimes, studies also used exposure
assessment methods with important limitations. While some large
prospective cohort studies were conducted, these studies were
entirely occupational, not population-based, and relied on self-report
of specific pesticide use or crop management to assess exposure,
often years after exposure took place.®®’? These studies are more
susceptible to measurement error than studies using biomarkers, and
the occupational cohorts cannot be generalized to much of the popu-
lation at large. Studies that used biomarkers to assess exposure were
mostly small hospital-based case-control studies, which collect biolog-
ical specimens (where exposures are later determined) at the time of
diagnosis, often months after the disease is progressing subclinically;
hence, they are susceptible to disease progression bias, a form of
reverse causality (concentrations of biomarkers may be a result of the
disease, not a cause).“o*86 Such studies may also suffer from bias in
control selection, particularly when studying gene-environment
interactions.13>157:158

Of the existing study designs, the design that often balances best
exposure assessment methods with sample size and bias control is the
cohort-nested case-control study. Unfortunately, only a small number
of studies were published in the time period of interest and represent

only 15% of the included studies. These studies benefit from
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prospectively collected biological samples that cannot be influenced
by disease status and integrate all sources of exposure (including food,
water or air if appropriate). They are also a part of a larger cohort,
which contributes to cost and logistical efficiency.?®> Cases and con-
trols are matched on follow-up time and some potential confounders
to efficiently control for confounding and biomarker storage/batch
effects (eg, cases and controls are matched on fasting status at blood
collection).841%? Such study design, while currently underrepresented
in the literature, is growing in popularity and is a good option to
strengthen the current body of evidence on the relationship between
cancer and pesticides.*®>

The current body of research is also lacking representation of
urban cohorts and data on residential and food exposure to pesticides.
Only 10.5% of the reviewed studies looked at residential pesticide
use, and there were no explicit investigations of urban pesticide expo-
sure. While frequently overlooked, cities are an important landscape
of pesticide use. The NYC Department of Health and Mental Hygiene
released a report in 2017 documenting a total of 6711 gal of liquid
and 163 182 pounds of solid pesticide products across city agencies
the previous year. This large quantity only represents only a minority
of urban pesticide use; comparisons to state commercial pesticide use
data revealed that city agency use only accounts for an estimated 3%
of liquid pesticides, and 21% of the solid pesticides applied in the
city.®° The level of pesticide use in cities is thus nontrivial, and differ-
ent soil properties, environmental fate of pesticides and exposure pro-
files in urban environments warrant further investigation of the

unique health burden of urban pesticide use.'*

4.9 | When is enough evidence enough?

While further research is always needed, the question ultimately is
whether the evidence is sufficient to better regulate pesticides on the
basis of carcinogenicity. Debates about causality and the sufficiency of
evidence to act not new; for instance, causal inference was addressed
by Immanuel Kant and other philosophers centuries ago. It was also
raised decades ago by Hulka and others in the context of carcinogene-
sis.2%2 It applies both to sufficient evidence to act, when a causal rela-
tionship is likely, and to not act, when a causal relationship is unlikely.
Hill also emphasized that “all scientific work is incomplete... [and] liable
to be upset or modified by advancing knowledge.”*%® He added: “That
does not confer upon us a freedom to ignore the knowledge we
already have or postpone the action that it appears to demand at a
given time.”*%2 Although there are limitations and gaps in the research
as well as some discordant findings, there is sufficient evidence for
action to regulate pesticides based on their carcinogenicity.

Science has also evolved greatly over the near 60 years since Hill
gave his landmark lecture, and scientific studies and institutions have
addressed crucial flaws in the risk assessment paradigm leveraged in
the European Union, the United States and elsewhere to manage
environmental exposures. The conventional paradigm sometimes
assumes, in particular, a linear dose-response, which has been shown

not to occur in many causal relationships.*¢® Indeed, the endocrine
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system, in particular, has revealed U-shaped (honmonotonic) and non-
linear exposure-response functions, including for pesticides and devel-
opmental neurotoxicity.164-16%

Conflicting findings and gaps in data have tangible consequences.
In 2016, the United States Environmental Protection Agency
(US EPA) published an issue paper stating that glyphosate (which, as
mentioned earlier, is classified by IARC as probably carcinogenic), is
not a carcinogen; and it decided to allow for its continued and increas-
ing use, a decision EPA reaffirmed in 2020.147-1%8 The European Food
Safety Authority came to a similar conclusion as the EPA in a 2015
report, where they claim glyphosate is “unlikely to pose a carcinogenic
threat to humans”.**° The main reason for the opposed conclusions
from these authorities is that IARC studied the genotoxic and carcino-
genic properties of not only pure glyphosate, but also of glyphosate-
based formulations, pesticides where glyphosate is the active
ingredient.}”® The evidence of carcinogenicity for glyphosate-based
formulations and metabolites is stronger than for technical glypho-
sate, as co-formulants affect absorption, distribution, metabolism and
excretion of glyphosate.17%171 Additionally, the IARC committee only
considers peer-reviewed literature, while the assessments done by
EPA and EFSA also considered several industry studies conducted by
private companies that register the chemicals in question. In response
to the ongoing debate, calls have been made within the scientific
community for more independently conducted epidemiological
research, particularly among the highest exposed and the most vulner-
able populations, as well as for more comprehensive and transparent

evaluations by independent agencies.t”%172173

5 | CONCLUSIONS

Though high-quality studies have been published since the IARC mono-
graph on organophosphate insecticides in 2017, there are still gaps in
the literature for carcinogenic evidence in humans, in addition to a large
number of potentially carcinogenic pesticides that were not included in
the IARC assessment. Rather consistent and high-quality evidence of
carcinogenicity of pesticides exists for AML and CRC. To further knowl-
edge, suggested next steps include leveraging new techniques and
methods developed to increase sensitivity and precision of exposure
assessment, incorporating multi-omics data and investigating exposures
to complex chemical mixtures. Additionally, we identify a need for more
large and longer population-based cohort studies, which should include
younger, nonoccupationally exposed individuals during developmental
periods of susceptibility. Though improved and diversified research is
necessary to better understand environmental contributions to cancer,
the existing literature provides enough evidence to justify regulatory

action that would reduce human exposure to pesticides.

AUTHOR CONTRIBUTIONS

Haleigh Cavalier: Conceptualization, Data curation, Formal analysis,
Project administration, Visualization, Writing - Original draft prepara-
tion, Writing - review & editing. Leonardo Trasande: Conceptualiza-

tion, Supervision, Writing - review & editing. Miquel Porta:



CAVALIER ET AL

908 | INTERNATIONAL Suce
JOURNAL of CANCER

Conceptualization, Project administration, Supervision, Writing - Orig-
inal draft preparation, Writing - review & editing. The work reported
in the paper has been performed by the authors, unless clearly speci-
fied in the text.

FUNDING INFORMATION

The work was supported in part by research grants from the National
Institutes of Health (P30ES000260); Instituto de Salud Carlos Il -
FEDER, Ministry of Health, Government of Spain (FIS PI117/00088,
FIS PI21/00052 and CIBER de Epidemiologia y Salud Pablica - CIBER-
ESP); the Hospital del Mar Medical Research Institute (IMIM), Barce-
lona; Fundacié La Maraté de TV3 (20132910); the CRUE-Santander
Fondo Supera Covid-19 (15072020); and the Government of Catalo-
nia (2017 SGR 439). The content is solely the responsibility of the
authors and does not necessarily represent the official views of the

NIH or other institutions.

CONFLICT OF INTEREST
The authors have no conflicts of interest in connection with the paper,

and declare no competing financial interests.

DATA AVAILABILITY STATEMENT

Only publicly available data were used in our study, and data sources
and handling of these data are described in the Materials and
Methods and in Tables 2-6. Further information is available from the

corresponding author upon request.

ORCID

Haleigh Cavalier " https://orcid.org/0000-0002-4455-6460

Leonardo Trasande "= https://orcid.org/0000-0002-1928-597X

Miquel Porta "> https://orcid.org/0000-0003-1684-7428

REFERENCES

1. Espina C, Porta M, Schuz J, et al. Environmental and occupational
interventions for primary prevention of cancer: a cross-sectorial pol-
icy framework. Environ Health Perspect. 2013;121:420-426.

2. Poirier MC. Chemical-induced DNA damage and human cancer risk.
Discov Med. 2012;14:283-288.

3. Vineis P, Schatzkin A, Potter JD. Models of carcinogenesis: an over-
view. Carcinogenesis. 2010;31:1703-1709.

4. Luch A. Nature and nurture - lessons from chemical carcinogenesis.
Nat Rev Cancer. 2005;5:113-125.

5. Adami HO, Hunter DJ, Lagiou P, Mucci L, eds. Text of Cancer Epide-
miology. 3rd ed. New York: Oxford University Press; 2018.

6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144:646-674.

7. Fontana L, Fasano A, Chong YS, Vineis P, Willett WC. Transdisciplin-
ary research and clinical priorities for better health. PLoS Med. 2021,
18:€1003699.

8. Bray F, Jemal A, Torre LA, Forman D, Vineis P. Long-term realism
and cost-effectiveness: primary prevention in combatting cancer and
associated inequalities worldwide. J Natl Cancer Inst. 2015;107:
djv273.

9. Bradman A, Quirds-Alcala L, Castorina R, et al. Effect of organic diet
intervention on pesticide exposures in young children living in low-
income urban and agricultural communities. Environ Health Perspect.
2015;123:1086-1093.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Lu C, Toepel K, Irish R, Fenske RA, Barr DB, Bravo R. Organic
diets significantly lower children's dietary exposure to organo-
phosphorus pesticides. Environ Health Perspect. 2006;114:
260-263.

International Agency for Research on Cancer Volume 112: Some
organophosphate insecticides and herbicides: tetrachlorvinphos p,
malathion, diazinon and glyphosate. IARC Working Group. Lyon;
3-10 March 2015. IARC Monographs on the Evaluation of Carcino-
genic Risks of Chemicals to Humans (in press).

Eastmond DA, Balakrishnan S. Chapter 11—Genotoxicity of pesti-
cides. In: Krieger R, ed. Hayes' Handbook of Pesticide Toxicology. 3rd
ed. New York: Academic Press; 2010:357-380.

Falzone L, Marconi A, Loreto C, Franco S, Spandidos DA, Libra M.
Occupational exposure to carcinogens: benzene, pesticides and
fibers (review). Mol Med Rep. 2016;14:4467-4474.

Alavanja MC, Bonner MR. Occupational pesticide exposures and
cancer risk: a review. J Toxicol Environ Health B Crit Rev. 2012;15:
238-263.

Tonne C, Basagana X, Chaix B, et al. New frontiers for environmen-
tal epidemiology in a changing world. Environ Int. 2017;104:
155-162.

Wild CP, Scalbert A, Herceg Z. Measuring the exposome: a powerful
basis for evaluating environmental exposures and cancer risk. Envi-
ron Mol Mutagen. 2013;54:480-499.

Firestone M, Berger M, Foos B, Etzel R. Two decades of enhancing
Children's environmental health protection at the U.S. Environmental
Protection Agency. Environ Health Perspect. 2016;124:A214-A218.
Landrigan PJ. Children's environmental health: a brief history. Acad
Pediatr. 2016;16:1-9.

Cohn BA, Cirillo PM, Terry MB. DDT and breast cancer: prospective
study of induction time and susceptibility windows. J Natl Cancer
Inst. 2019;111:803-810.

Pearce N, Blair A, Vineis P, et al. IARC monographs: 40 years of eval-
uating carcinogenic hazards to humans. Environ Health Perspect.
2015;123:507-514.

Guyton KZ, Loomis D, Grosse Y, et al. Carcinogenicity of tetrachlor-
vinphos, parathion, malathion, diazinon, and glyphosate. Lancet
Oncol. 2015;16:490-491.

Trasande L. When enough data are not enough to enact policy: the
failure to ban chlorpyrifos. PLoS Biol. 2017;15:e2003671.

FAO Panel of Experts on Pesticide Residues in Food and the Envi-
ronment and the WHO Core Assessment Group. Pesticide Residues
in Food 2016. Rome: World Health Organization, Food and Agricul-
tural Organization of the United Nations; 2016.

VoPham T, Bertrand KA, Hart JE, et al. Pesticide exposure and liver
cancer: a review. Cancer Causes Control. 2017;28:177-190.
Feulefack J, Khan A, Forastiere F, Sergi CM. Parental pesticide
exposure and childhood brain cancer: a systematic review and meta-
analysis confirming the IARC/WHO monographs on some organo-
phosphate insecticides and herbicides. Children (Basel). 2021;8(12):
1096.

de Graaf L, Boulanger M, Bureau M, et al. Occupational pesticide
exposure, cancer and chronic neurological disorders: a systematic
review of epidemiological studies in greenspace workers. Environ
Res. 2022;203:111822.

Baranski M, Rempelos L, Iversen PO, Leifert C. Effects of organic
food consumption on human health; the jury is still out! Food Nutr
Res. 2017;61:1287333.

Baranski M, Srednicka-Tober D, Rempelos L, et al. Feed composition
differences resulting from organic and conventional farming prac-
tices affect physiological parameters in Wistar rats-results from a
factorial, two-generation dietary intervention trial. Nutrients. 2021;
13(2):377.

Rusiecki JA, Beane Freeman LE, Bonner MR, et al. High pesticide
exposure events and DNA methylation among pesticide applicators


https://orcid.org/0000-0002-4455-6460
https://orcid.org/0000-0002-4455-6460
https://orcid.org/0000-0002-1928-597X
https://orcid.org/0000-0002-1928-597X
https://orcid.org/0000-0003-1684-7428
https://orcid.org/0000-0003-1684-7428

CAVALIER ET AL

S uicc 909

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

in the agricultural health study. Environ Mol Mutagen. 2017;58:
19-29.

Jiménez T, Garcia-Pérez J, van der Haar R, et al. Occupation, occupa-
tional exposures and mammographic density in Spanish women.
Environ Res. 2021;195:110816.

Cypriano AS, Alves G, Ornellas AA, et al. Relationship between XPD,
RAD51, and APEX1 DNA repair genotypes and prostate cancer risk
in the male population of Rio de Janeiro, Brazil. Genet Mol Biol.
2017;40:751-758.

Vidi PA, Anderson KA, Chen H, et al. Personal samplers of bioavail-
able pesticides integrated with a hair follicle assay of DNA damage
to assess environmental exposures and their associated risks in chil-
dren. Mutat Res Genet Toxicol Environ Mutagen. 2017;822:27-33.
Soleimani Z, Haghshenas R, Masinaei M, et al. Iranian population
exposures to heavy metals, PAHs, and pesticides and their intake
routes: a study protocol of a national population health survey. Envi-
ron Sci Pollut Res Int. 2021;28:16744-16753.

Thompson LK, Langholz B, Goldberg DW, et al. Area-based geocod-
ing: an approach to exposure assessment incorporating positional
uncertainty. GeoHealth. 2021;5:e2021GH000430.

Hoseini M, Bahrampour A, Mirzaee M. Comparison of Weibull and
lognormal cure models with cox in the survival analysis of breast
cancer patients in Rafsanjan. J Res Health Sci. 2017;17:e00369.
Harding AH, Fox D, Chen Y, Pearce N, Fishwick D, Frost G. Prospec-
tive investigation of pesticide Applicators' health (PIPAH) study: a
cohort study of professional pesticide users in Great Britain. BMJ
Open. 2017;7:e018212.

Islam AS, Ara ZG, Bhuiyan GR, Khan AU, Khan MM. Clinicopatholog-
ical findings of haematological malignancies in hospital admitted
patients. Mymensingh Med J. 2021;30:28-34.

Lépez A, Yusa V, Mufioz A, et al. Risk assessment of airborne pesti-
cides in a Mediterranean region of Spain. Sci Total Environ. 2017;
574:724-734.

Lesseur C, Pathak KV, Pirrotte P, et al. Urinary glyphosate concen-
tration in pregnant women in relation to length of gestation. Environ
Res. 2022;203:111811.

Porta M, Greenland S, Hernan M, dos Santos Silva I, Last M, eds. A
Dictionary of Epidemiology. 6th ed. New York: Oxford University
Press; 2014.

Leonel AC, Bonan RF, Pinto MB, Kowalski LP, Perez DE. The pesti-
cides use and the risk for head and neck cancer: a review of case-
control studies. Med Oral Patol Oral Cir Bucal. 2021;26:e56-e63.
Igbal S, Ali S, Ali I. Maternal pesticide exposure and its relation to
childhood cancer: an umbrella review of meta-analyses. Int J Environ
Health Res. 2022; 32(7):1609-1627.

Stanganelli I, De Felici MB, Mandel VD, et al. The association
between pesticide use and cutaneous melanoma: a systematic
review and meta-analysis. J Eur Acad Dermatol Venereol. 2020;34:
691-708.

Han MA, Kim JH, Song HS. Persistent organic pollutants, pesticides,
and the risk of thyroid cancer: systematic review and meta-analysis.
Eur J Cancer Prev. 2019;28:344-349.

Zhang L, Rana |, Shaffer RM, Taioli E, Sheppard L. Exposure to
glyphosate-based herbicides and risk for non-Hodgkin lymphoma: a
meta-analysis and supporting evidence. Mutat Res. 2019;781:
186-206.

Van Maele-Fabry G, Gamet-Payrastre L, Lison D. Household expo-
sure to pesticides and risk of leukemia in children and adolescents:
updated systematic review and meta-analysis. Int J Hyg Environ
Health. 2019;222:49-67.

Van Maele-Fabry G, Gamet-Payrastre L, Lison D. Residential expo-
sure to pesticides as risk factor for childhood and young adult brain
tumors: a systematic review and meta-analysis. Environ Int. 2017;
106:69-90.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

INTERNATIONAL
JOURNAL of CANCER

Silva JF, Mattos IE, Luz LL, Carmo CN, Aydos RD. Exposure to pesti-
cides and prostate cancer: systematic review of the literature. Rev
Environ Health. 2016;31:311-327.

Lewis-Mikhael AM, Bueno-Cavanillas A, Ofir Giron T, Olmedo-
Requena R, Delgado-Rodriguez M, Jiménez-Moledn JJ. Occupational
exposure to pesticides and prostate cancer: a systematic review and
meta-analysis. Occup Environ Med. 2016,73:134-144.

Van Maele-Fabry G, Hoet P, Lison D. Parental occupational expo-
sure to pesticides as risk factor for brain tumors in children and
young adults: a systematic review and meta-analysis. Environ Int.
2013;56:19-31.

Odutola MK, Benke G, Fritschi L, Giles GG, van Leeuwen MT,
Vajdic CM. A systematic review and meta-analysis of occupational
exposures and risk of follicular lymphoma. Environ Res. 2021;197:
110887.

Yang KJ, Lee J, Park HL. Organophosphate pesticide exposure and
breast cancer risk: a rapid review of human, animal, and cell-based
studies. Int J Environ Res Public Health. 2020;17(14):5030.

Curl CL, Spivak M, Phinney R, Montrose L. Synthetic pesticides and
health in vulnerable populations: agricultural workers. Curr Environ
Health Rep. 2020;7:13-29.

Navarrete-Meneses MDP, Pérez-Vera P. Pyrethroid pesticide expo-
sure and hematological cancer: epidemiological, biological and
molecular evidence. Rev Environ Health. 2019;34:197-210.

Kaur K, Kaur R. Occupational pesticide exposure, impaired DNA
repair, and diseases. Indian J Occup Environ Med. 2018;22:74-81.
Schinasi L, Leon ME. Non-Hodgkin lymphoma and occupational
exposure to agricultural pesticide chemical groups and active ingre-
dients: a systematic review and meta-analysis. Int J Environ Res Public
Health. 2014;11:4449-4527.

Wigle DT, Turner MC, Krewski D. A systematic review and meta-
analysis of childhood leukemia and parental occupational pesticide
exposure. Environ Health Perspect. 2009;117:1505-1513.

Bassil KL, Vakil C, Sanborn M, Cole DC, Kaur JS, Kerr KJ. Cancer
health effects of pesticides: systematic review. Can Fam Physician.
2007;53:1704-1711.

Van Maele-Fabry G, Duhayon S, Lison D. A systematic review of
myeloid leukemias and occupational pesticide exposure. Cancer
Causes Control. 2007;18:457-478.

De Roos AJ, Schinasi LH, Miligi L, et al. Occupational insecticide
exposure and risk of non-Hodgkin lymphoma: a pooled case-control
study from the InterLymph consortium. Int J Cancer. 2021;149:
1768-1786.

Andreotti G, Koutros S, Hofmann JN, et al. Glyphosate use and can-
cer incidence in the agricultural health study. J Natl Cancer Inst.
2018;110:509-516.

Gallo V, Egger M, McCormack V, et al. STrengthening the reporting
of OBservational studies in epidemiology—molecular epidemiology
(STROBE-ME): an extension of the STROBE statement. Eur J Clin
Invest. 2012;42:1-16.

Crump K. The potential effects of recall bias and selection bias on
the epidemiological evidence for the carcinogenicity of glyphosate.
Risk Anal. 2020;40:696-704.

Togawa K, Leon ME, Lebailly P, et al. Cancer incidence in agricul-
tural workers: findings from an international consortium of agri-
cultural cohort studies (AGRICOH). Environ Int. 2021;157:
106825.

Leon ME, Schinasi LH, Lebailly P, et al. Pesticide use and risk of non-
Hodgkin lymphoid malignancies in agricultural cohorts from France,
Norway and the USA: a pooled analysis from the AGRICOH consor-
tium. Int J Epidemiol. 2019;48:1519-1535.

Tual S, Busson A, Boulanger M, et al. Occupational exposure to pes-
ticides and multiple myeloma in the AGRICAN cohort. Cancer Causes
Control. 2019;30:1243-1250.



910 | INTERNATIONAL
JOURNAL of CANCER

67.

68.

69.
70.
71.
72.
73.
74.
75.
76.
77.

78.

79.
80.

81.
82.

83.

84.

85.

@Quicc

CAVALIER ET AL

Piel C, Pouchieu C, Migault L, et al. Increased risk of central nervous
system tumours with carbamate insecticide use in the prospective
cohort AGRICAN. Int J Epidemiol. 2019;48:512-526.

Boulanger M, Tual S, Lemarchand C, et al. Lung cancer risk and occu-
pational exposures in crop farming: results from the AGRIculture
and CANcer (AGRICAN) cohort. Occup Environ Med. 2018;75:
776-785.

Piel C, Pouchieu C, Tual S, et al. Central nervous system tumors and
agricultural exposures in the prospective cohort AGRICAN. Int J
Cancer. 2017;141:1771-1782.

Lemarchand C, Tual S, Levéque-Morlais N, et al. Cancer incidence in
the AGRICAN cohort study (2005-2011). Cancer Epidemiol. 2017;49:
175-185.

Boulanger M, Tual S, Lemarchand C, et al. Agricultural exposure and
risk of bladder cancer in the AGRIculture and CANcer cohort. Int
Arch Occup Environ Health. 2017;90:169-178.

Lerro CC, Beane Freeman LE, DellaValle CT, et al. Pesticide expo-
sure and incident thyroid cancer among male pesticide applicators in
agricultural health study. Environ Int. 2021;146:106187.

Andreotti G, Beane Freeman LE, Shearer JJ, et al. Occupational pes-
ticide use and risk of renal cell carcinoma in the agricultural health
study. Environ Health Perspect. 2020;128:67011.

Lerro CC, Hofmann JN, Andreotti G, et al. Dicamba use and cancer
incidence in the agricultural health study: an updated analysis. Int J
Epidemiol. 2020;49:1326-1337.

Pardo LA, Beane Freeman LE, Lerro CC, et al. Pesticide exposure
and risk of aggressive prostate cancer among private pesticide appli-
cators. Environ Health. 2020;19:30.

Lerro CC, Koutros S, Andreotti G, et al. Cancer incidence in the agri-
cultural health study after 20 years of follow-up. Cancer Causes Con-
trol. 2019;30:311-322.

Engel LS, Werder E, Satagopan J, et al. Insecticide use and breast
cancer risk among Farmers' wives in the agricultural health study.
Environ Health Perspect. 2017;125:097002.

Louis LM, Lerro CC, Friesen MC, et al. A prospective study of cancer
risk among agricultural health study farm spouses associated with
personal use of organochlorine insecticides. Environ Health. 2017;
16:95.

Bonner MR, Freeman LE, Hoppin JA, et al. Occupational exposure to
pesticides and the incidence of lung cancer in the agricultural health
study. Environ Health Perspect. 2017;125:544-551.

Sandoval-Insausti H, Chiu YH, Lee DH, et al. Intake of fruits and veg-
etables by pesticide residue status in relation to cancer risk. Environ
Int. 2021;156:106744.

Rebouillat P, Vidal R, Cravedi JP, et al. Prospective association
between dietary pesticide exposure profiles and postmenopausal
breast-cancer risk in the NutriNet-Santé cohort. Int J Epidemiol.
2021;50:1184-1198.

Mustieles V, Pérez-Carrascosa FM, Ledn J, et al. Adipose tissue
redox microenvironment as a potential link between persistent
organic pollutants and the 16-year incidence of non-hormone-
dependent cancer. Environ Sci Technol. 2021;55:9926-9937.

Patel DM, Jones RR, Booth BJ, et al. Parental occupational exposure
to pesticides, animals and organic dust and risk of childhood leuke-
mia and central nervous system tumors: findings from the interna-
tional childhood cancer cohort consortium (14C). Int J Cancer. 2020;
146:943-952.

Coste A, Bailey HD, Kartal-Kaess M, Renella R, Berthet A,
Spycher BD. Parental occupational exposure to pesticides and risk
of childhood cancer in Switzerland: a census-based cohort study.
BMC Cancer. 2020;20:819.

Kachuri L, Harris MA, MaclLeod JS, Tjepkema M, Peters PA,
Demers PA. Cancer risks in a population-based study of 70,570 agri-
cultural workers: results from the Canadian census health and envi-
ronment cohort (CanCHEC). BMC Cancer. 2017;17:343.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

Porta M, Gasull M, Pumarega J, et al. Plasma concentrations of per-
sistent organic pollutants and pancreatic cancer risk. Int J Epidemiol.
2021;51(2):479-490.

Park EY, Kim J, Park E, Oh JK, Kim B, Lim MK. Serum concentrations
of persistent organic pollutants and colorectal cancer risk: a case-
cohort study within Korean National Cancer Center Community
(KNCCC) cohort. Chemosphere. 2021;271:129596.

Franke AA, Li X, Shvetsov YB, Lai JF. Pilot study on the urinary
excretion of the glyphosate metabolite aminomethylphosphonic acid
and breast cancer risk: the multiethnic cohort study. Environ Pollut.
2021;277:116848.

Patel DM, Gyldenkarne S, Jones RR, et al. Residential proximity to
agriculture and risk of childhood leukemia and central nervous sys-
tem tumors in the Danish national birth cohort. Environ Int. 2020;
143:105955.

Engel LS, Zabor EC, Satagopan J, et al. Prediagnostic serum organo-
chlorine insecticide concentrations and primary liver cancer: a case-
control study nested within two prospective cohorts. Int J Cancer.
2019;145:2360-2371.

Bassig BA, Engel LS, Langseth H, et al. Pre-diagnostic serum concen-
trations of organochlorines and risk of acute myeloid leukemia: a
nested case-control study in the Norwegian Janus serum Bank
cohort. Environ Int. 2019;125:229-235.

Lerro CC, Jones RR, Langseth H, et al. A nested case-control study
of polychlorinated biphenyls, organochlorine pesticides, and thyroid
cancer in the Janus serum bank cohort. Environ Res. 2018;165:
125-132.

Lim JE, Nam C, Yang J, Rha KH, Lim KM, Jee SH. Serum persistent
organic pollutants (POPs) and prostate cancer risk: a case-cohort
study. Int J Hyg Environ Health. 2017;220:849-856.

Deziel NC, Warren JL, Huang H, Zhou H, Sjodin A, Zhang Y. Expo-
sure to polychlorinated biphenyls and organochlorine pesticides and
thyroid cancer in Connecticut women. Environ Res. 2021;192:
110333.

Darvishian M, Bhatti P, Gaudreau E, et al. Persistent organic pollut-
ants and risk of cutaneous malignant melanoma among women. Can-
cer Rep. 2021;5(8):e1536.

Meloni F, Satta G, Padoan M, et al. Occupational exposure to glyph-
osate and risk of lymphoma:results of an Italian multicenter case-
control study. Environ Health. 2021;20:49.

Baldi I, De Graaf L, Bouvier G, et al. Occupational exposure to pesti-
cides and central nervous system tumors: results from the CERENAT
case-control study. Cancer Causes Control. 2021;32:773-782.
Requena-Mullor M, Navarro-Mena A, Wei R, Lépez-Guarnido O,
Lozano-Paniagua D, Alarcon-Rodriguez R. Evaluation of gonadal
alterations in a population environmentally exposed to a mixture
of endocrine active pesticides. Int J Environ Res Public Health.
2021;18(5):2355.

Latifovic L, Freeman LEB, Spinelli JJ, et al. Pesticide use and risk of
Hodgkin lymphoma: results from the north American pooled project
(NAPP). Cancer Causes Control. 2020;31:583-599.

Rios P, Bauer H, Schleiermacher G, et al. Environmental expo-
sures related to parental habits in the perinatal period and the
risk of Wilms' tumor in children. Cancer Epidemiol. 2020;66:
101706.

Park AS, Ritz B, Yu F, Cockburn M, Heck JE. Prenatal pesticide expo-
sure and childhood leukemia - a California statewide case-control
study. Int J Hyg Environ Health. 2020;226:113486.

Tayour C, Ritz B, Langholz B, et al. A case-control study of breast
cancer risk and ambient exposure to pesticides. Environ Epidemiol.
2019;3:e070.

Bunch KJ, Kendall GM, Stiller CA, Vincent TJ, Murphy MFG. Case-
control study of paternal occupational exposures and childhood lym-
phoma in Great Britain, 1962-2010. Br J Cancer. 2019;120:1153-
1161.



CAVALIER ET AL

911

@ uicc

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Mills PK, Dodge JL, Bush J, Thompson Y, Shah P. Agricultural expo-
sures and breast cancer among Latina in the San Joaquin Valley of
California. J Occup Environ Med. 2019;61:552-558.

Hyland C, Gunier RB, Metayer C, Bates MN, Wesseling C,
Mora AM. Maternal residential pesticide use and risk of childhood
leukemia in Costa Rica. Int J Cancer. 2018;143:1295-1304.
Garcia-Pérez J, Lope V, Pérez-Gémez B, et al. Risk of breast cancer
and residential proximity to industrial installations: new findings
from a multicase-control study (MCC-Spain). Environ Pollut. 2018;
237:559-568.

Vidart d'Egurbide Bagazgoitia N, Bailey HD, Orsi L, et al. Maternal
residential pesticide use during pregnancy and risk of malignant
childhood brain tumors: a pooled analysis of the ESCALE and
ESTELLE studies (SFCE). Int J Cancer. 2018;142:489-497.

Carles C, Bouvier G, Esquirol Y, et al. Residential proximity to agri-
cultural land and risk of brain tumor in the general population. Envi-
ron Res. 2017;159:321-330.

Rios P, Bailey HD, Lacour B, et al. Maternal use of household pesti-
cides during pregnancy and risk of neuroblastoma in offspring. A
pooled analysis of the ESTELLE and ESCALE French studies (SFCE).
Cancer Causes Control. 2017;28:1125-1132.

Zeng F, Lerro C, Lavoué J, et al. Occupational exposure to pesticides
and other biocides and risk of thyroid cancer. Occup Environ Med.
2017;74:502-510.

Boccolini PM, Boccolini CS, Chrisman JR, Koifman RJ, Meyer A.
Non-Hodgkin lymphoma among Brazilian agricultural workers: a
death certificate case-control study. Arch Environ Occup Health.
2017;72:139-144.

Poynter JN, Richardson M, Roesler M, et al. Chemical exposures and
risk of acute myeloid leukemia and myelodysplastic syndromes in a
population-based study. Int J Cancer. 2017;140:23-33.

Mekonen S, Ibrahim M, Astatkie H, Abreha A. Exposure to organo-
chlorine pesticides as a predictor to breast cancer: a case-control
study among Ethiopian women. PLoS One. 2021;16:e0257704.
Sharma T, Banerjee BD, Thakur GK, Guleria K, Mazumdar D. Poly-
morphism of xenobiotic metabolizing gene and susceptibility of epi-
thelial ovarian cancer with reference to organochlorine pesticides
exposure. Exp Biol Med (Maywood). 2019;244:1446-1453.

Huang W, He Y, Xiao J, et al. Risk of breast cancer and adipose tis-
sue concentrations of polychlorinated biphenyls and organochlorine
pesticides: a hospital-based case-control study in Chinese women.
Environ Sci Pollut Res Int. 2019;26:32128-32136.

Mortazavi N, Asadikaram G, Ebadzadeh MR, et al. Organochlorine
and organophosphorus pesticides and bladder cancer: a case-control
study. J Cell Biochem. 2019;120:14847-14859.

Abolhassani M, Asadikaram G, Paydar P, et al. Organochlorine and
organophosphorous pesticides may induce colorectal cancer; a case-
control study. Ecotoxicol Environ Saf. 2019;178:168-177.

Lee YM, Kim SA, Choi GS, et al. Association of colorectal polyps and
cancer with low-dose persistent organic pollutants: a case-control
study. PLoS One. 2018;13:e0208546.

Wielsge M, Kern P, Bonefeld-Jargensen EC. Serum levels of envi-
ronmental pollutants is a risk factor for breast cancer in Inuit: a case
control study. Environ Health. 2017;16:56.

He TT, Zuo AJ, Wang JG, Zhao P. Organochlorine pesticides accu-
mulation and breast cancer: a hospital-based case-control study.
Tumour Biol. 2017;39:1010428317699114.

Niehoff NM, Gammon MD, Parada H Jr, Stellman SD, Neugut Al,
Teitelbaum SL. Self-reported residential pesticide use and survival
after breast cancer. Int J Hyg Environ Health. 2019;222:1077-1083.
Parada H Jr, Sun X, Tse CK, Engel LS, Olshan AF, Troester MA.
Plasma levels of dichlorodiphenyldichloroethene (DDE) and
dichlorodiphenyltrichloroethane (DDT) and survival following
breast cancer in the Carolina breast cancer study. Environ Int.
2019;125:161-171.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

INTERNATIONAL
JOURNAL of CANCER

Roswall N, Sgrensen M, Tjgnneland A, Raaschou-Nielsen O. Organo-
chlorine concentrations in adipose tissue and survival in postmeno-
pausal, Danish Breast Cancer Patients. Environ Res. 2018;163:
237-248.

Roswall N, Sgrensen M, Brauner EV, Tjgnneland A, Raaschou-
Nielsen O. No association between organochlorine concentrations
in adipose tissue and survival after non-Hodgkin lymphoma. Cancer
Epidemiol Biomarkers Prev. 2018;27:224-226.

Alavanja MC, Sandler DP, McMaster SB, et al. The agricultural
health study. Environ Health Perspect. 1996;104:362-369.
Leveque-Morlais N, Tual S, Clin B, Adjemian A, Baldi |, Lebailly P.
The AGRIculture and CANcer (AGRICAN) cohort study: enrollment
and causes of death for the 2005-2009 period. Int Arch Occup Envi-
ron Health. 2015;88:61-73.

Dopart PJ, Friesen MC. New opportunities in exposure assessment
of occupational epidemiology: use of measurements to aid exposure
reconstruction in population-based studies. Curr Environ Health Rep.
2017;4:355-363.

Langseth H, Gislefoss RE, Martinsen JI, Dillner J, Ursin G. Cohort
profile: the Janus serum Bank cohort in Norway. Int J Epidemiol.
2017;46:403-4g.

Olsen J, Melbye M, Olsen SF, et al. The Danish National Birth
Cohort—its background, structure and aim. Scand J Public Health.
2001;29:300-307.

Porta M, Vandenberg LN. There are good clinical, scientific, and
social reasons to strengthen links between biomedical and environ-
mental research. J Clin Epidemiol. 2019;111:124-126.

Fedak KM, Bernal A, Capshaw ZA, Gross S. Applying the Bradford
Hill criteria in the 21st century: how data integration has changed
causal inference in molecular epidemiology. Emerg Themes Epidemiol.
2015;12:14.

Geneletti S, Gallo V, Porta M, Khoury MJ, Vineis P. Assessing causal
relationships in genomics: from Bradford-Hill criteria to complex
gene-environment interactions and directed acyclic graphs. Emerg
Themes Epidemiol. 2011;8:5.

Hill AB. The environment and disease: association or causation? Proc
R Soc Med. 1965;58:295-300.

Yoo W, Mayberry R, Bae S, Singh K, Peter He Q, Lillard JW Jr. A
study of effects of multicollinearity in the multivariable analysis. Int J
Appl Sci Technol. 2014;4:9-19.

Patel CJ, Kerr J, Thomas DC, et al. Opportunities and challenges for
environmental exposure assessment in population-based studies.
Cancer Epidemiol Biomarkers Prev. 2017;26:1370-1380.

Cabello G, Valenzuela M, Vilaxa A, et al. A rat mammary tumor
model induced by the organophosphorous pesticides parathion and
malathion, possibly through acetylcholinesterase inhibition. Environ
Health Perspect. 2001;109:471-479.

Rakitsky VN, Koblyakov VA, Turusov VS. Nongenotoxic (epigenetic)
carcinogens: pesticides as an example. A critical review. Teratog Car-
cinog Mutagen. 2000;20:229-240.

National Toxicology Program. Bioassay of parathion for possible car-
cinogenicity. Natl Cancer Inst Carcinog Tech Rep Ser. 1979;70:1-123.
Parker CM, Van Gelder GA, Chai EY, et al. Oncogenic evaluation of
tetrachlorvinphos in the B6C3F1 mouse. Fundam Appl Toxicol. 1985;
5:840-854.

International Agency for Research on Cancer. Volume 113: DDT L,
and 2,4-D. IARC Working Group. Lyon; 2-9 June 2015. IARC Mono-
graphs on the Evaluation of the Carcinogenic Risk of Chemicals to
Humans (in press).

National Toxicology Program. Formaldehyde, Report on Carcinogens.
14th ed. Durham, NC: National Institute of Environmental Health
and Safety; 2016.

National Toxicology Program. Ethylene Oxide, Report on Carcinogens.
14th ed. Durham, NC: National Institute of Environmental Health
and Safety; 2016.



143.
144.
145.

146.

147.

148.

149.
150.
151
152.
153.

154.

155.
156.

157.

158.

INTERNATIONAL

@Quicc

CAVALIER ET AL

JOURNAL of CANCER

Carayol M, Licaj |, Achaintre D, et al. Reliability of serum metabolites
over a two-year period: a targeted Metabolomic approach in fasting
and non-fasting samples from EPIC. PLoS One. 2015;10:e0135437.
Cross AJ, Moore SC, Boca S, et al. A prospective study of serum
metabolites and colorectal cancer risk. Cancer. 2014;120:3049-
3057.

Ponzi E, Thoresen M, Haugdahl Ngst T, Mgllersen K. Integrative,
multi-omics, analysis of blood samples improves model predictions:
applications to cancer. BMC Bioinformatics. 2021;22:395.

Colombié M, Jézéquel P, Rubeaux M, et al. The EPICURE study: a
pilot prospective cohort study of heterogeneous and massive data
integration in metastatic breast cancer patients. BMC Cancer. 2021;
21:333.

Porta M, Puigdoménech E, Ballester F, et al. Monitoring concentra-
tions of persistent organic pollutants in the general population: the
international experience. Environ Int. 2008;34:546-561.
Nieuwenhuijsen MJ, Donaire-Gonzalez D, Foraster M, Martinez D,
Cisneros A. Using personal sensors to assess the exposome and
acute health effects. Int J Environ Res Public Health. 2014;11:7805-
7819.

Doherty BT, Koelmel JP, Lin EZ, Romano ME, Godri Pollitt KJ. Use
of Exposomic methods incorporating sensors in environmental epi-
demiology. Curr Environ Health Rep. 2021;8:34-41.

Siroux V, Agier L, Slama R. The exposome concept: a challenge and a
potential driver for environmental health research. Eur Respir Rev.
2016;25:124-129.

Barrera-Gomez J, Agier L, Portengen L, et al. A systematic compari-
son of statistical methods to detect interactions in exposome-health
associations. Environ Health. 2017;16:74.

Santos S, Maitre L, Warembourg C, et al. Applying the exposome
concept in birth cohort research: a review of statistical approaches.
Eur J Epidemiol. 2020;35:193-204.

Bobb JF, Claus Henn B, Valeri L, Coull BA. Statistical software for
analyzing the health effects of multiple concurrent exposures via
Bayesian kernel machine regression. Environ Health. 2018;17:67.
Goodson WH 3rd, Lowe L, Carpenter DO, et al. Assessing the carci-
nogenic potential of low-dose exposures to chemical mixtures in the
environment: the challenge ahead. Carcinogenesis. 2015;36(Suppl 1):
5$254-5296.

Carlin DJ, Rider CV, Woychik R, Birnbaum LS. Unraveling the health
effects of environmental mixtures: an NIEHS priority. Environ Health
Perspect. 2013;121:A6-A8.

Lee DH, Jacobs DR Jr, Porta M. Hypothesis: a unifying mechanism
for nutrition and chemicals as lifelong modulators of DNA hypo-
methylation. Environ Health Perspect. 2009;117:1799-1802.

Fletcher T, Leonardi G, Koppova K, Hough R, Rudnai P, Gurzau E.
Selection of controls for hospital-based CASE-control studies using
retrospective data on the geographic distribution of cases and con-
trols. Epidemiology. 2004;15:5153-S154.

Wacholder S, Chatterjee N, Hartge P. Joint effect of genes and envi-
ronment distorted by selection biases: implications for hospital-
based case-control studies. Cancer Epidemiol Biomarkers Prev. 2002;
11:885-889.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Rundle AG, Vineis P, Ahsan H. Design options for molecular epide-
miology research within cohort studies. Cancer Epidemiol Biomarkers
Prev. 2005;14:1899-1907.

Bureau of Environmental Surveillance and Policy, ed. Pesticide use
by NYC agencies in 2016. New York City Department of Health and
Mental Hygiene DoEH. New York, NY: Bureau of Environmental Sur-
veillance and Policy; 2017.

Md Meftaul I, Venkateswarlu K, Dharmarajan R, Annamalai P,
Megharaj M. Pesticides in the urban environment: a potential threat
that knocks at the door. Sci Total Environ. 2020;711:134612.

Hulka BS. When is the evidence for ‘no association’ sufficient?
JAMA. 1984;252:81-82.

Barouki R. Endocrine disruptors: revisiting concepts and dogma in
toxicology. C R Biol. 2017;340:410-413.

Kahn LG, Philippat C, Nakayama SF, Slama R, Trasande L. Endo-
crine-disrupting chemicals: implications for human health. Lancet
Diabetes Endocrinol. 2020;8:703-718.

Kassotis CD, Vandenberg LN, Demeneix BA, Porta M, Slama R,
Trasande L. Endocrine-disrupting chemicals: economic, regulatory,
and policy implications. Lancet Diabetes Endocrinol. 2020;8:719-730.
Vandenberg LN, Colborn T, Hayes TB, et al. Hormones and
endocrine-disrupting chemicals: low-dose effects and nonmonotonic
dose responses. Endocr Rev. 2012;33:378-455.

United States Environmental Protection Agency. Glyphosate Issue
Paper: Evaluation of Carcinogenic Potential. Washington, DC:
United States Environmental Protection Agency, EPA's Office of
Pesticide Programs; 2016.

United States Environmental Protection Agency. EPA Finalizes
Glyphosate Mitigation. Washington, DC: United States Environmen-
tal Protection Agency, EPA's Office of Pesticide Programs; 2020.
European Food Safety Authority. Conclusion on the peer review of
the pesticide risk assessment of the active substance glyphosate.
EFSA J. 2015;13:4302.

Benbrook CM. How did the US EPA and IARC reach diametrically
opposed conclusions on the genotoxicity of glyphosate-based herbi-
cides? Environ Sci Eur. 2019;31:2.

European Food Safety Authority (EFSA). EFSA Explains Risk Assessment:
Glysophate Parma. Parma, Italy: European Food Safety Authority; 2015.
Landrigan PJ, Belpoggi F. The need for independent research on the
health effects of glyphosate-based herbicides. Environ Health. 2018;
17:51.

Vandenberg LN, Blumberg B, Antoniou MN, et al. Is it time to reas-
sess current safety standards for glyphosate-based herbicides?
J Epidemiol Community Health. 2017;71:613-618.

How to cite this article: Cavalier H, Trasande L, Porta M.
Exposures to pesticides and risk of cancer: Evaluation of
recent epidemiological evidence in humans and paths forward.
Int J Cancer. 2023;152(5):879-912. doi:10.1002/ijc.34300


info:doi/10.1002/ijc.34300

	Exposures to pesticides and risk of cancer: Evaluation of recent epidemiological evidence in humans and paths forward
	1  INTRODUCTION
	2  METHODS
	3  RESULTS
	3.1  Design and other characteristics of studies
	3.2  Main empirical findings

	4  DISCUSSION
	4.1  Temporality
	4.2  Consistency
	4.3  Strength
	4.4  Plausibility
	4.5  Coherence
	4.6  Specificity
	4.7  Analogy
	4.8  Further suggestions for future work
	4.9  When is enough evidence enough?

	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


